Specific heat capacity C P 1000 J kg
Rayleigh number Ra ≈ 10 8 -
Melting

105
In order for our models to have an evolving mantle composition, we incorporate 
For this study T meltsurf = 1200 K, T meltcomp = 500 K and T meltslope = 2.5 K km −1 .
manuscript submitted to Geochemistry, Geophysics, Geosystems To accurately model the movement of water within the mantle (beyond the advec-120 tion of the particles within the model) we consider three additional processes of water 121 transportation: dehydration, rehydration and melting. These processes link mantle wa-
122
ter content to the model's finite external ocean reservoir, thus allowing us to ensure the 123 total OM in the model is conserved between the mantle and ocean.
124
Dehydration is performed when a particle holds more water than is possible for its 125 given depth, temperature and composition, denoted as C w,max (d, T, C) ( Fig. 1) . At each 126 time step following the movement of the particles, each particle is checked to ensure its 127 water content C w does not exceed the particle's saturation value C w,max . The method 128 used to move any excess water is modelled after Nakagawa et al. (2015) ; whereby the ex-table (eq. 4).
for 0 ≤ C < 0.25
where C w,amb and C w,bas are the water solubility values for the ambient and basaltic ma- ues of C w,max between the two end members.
141
Outgassing is the second process of water movement and occurs when a particle 142 undergoes a melting event. Upon melting, water is partitioned into the melt (with a par-
The water mass contained within the melt is then instan-
144
taneously transported to the surface and outgassed into the ocean.
145
Rehydration is a process at the surface boundary layer of the model domain whereby
146
for any surface cell which has experienced melting in the current time-step, any parti-
147
cles it contains are saturated up to their given C w,max value ( Fig. 1) by the amount C w,add =
148
C w,max − C w using additional water taken from the ocean. If there is not enough wa-
149
ter available in the ocean for rehydration then the rehydration process cannot occur. Fur-150 thermore, to account for the proximity of a particle in the surface cell to the surface bound-151 ary, we multiply C w,add by a function (here we chose the logistic function), such that a 152 particle's water content after rehydration can be found by
where s gives the steepness of the function's transition from 1 to 0 (here s = 0. 
where V a = 1 and E a = 2 are non-dimensional constants that control the sensitivity 179 to depth and temperature while z and T are non-dimensionalised by the mantle depth
180
and ∆T = T CM B − T S respectively; and
where r controls the water content dependence.
182
The total water within the mantle is initially 5 OM, with 0 OM present in the ocean
183
(in this paper we refer to this as a 'wet' case). We do not investigate the effects of vary-
184
ing the starting or total water content within the system on the evolution of the man-185 tle in this work as it is beyond the scope of the present study. All our simulations are 186 run from their initial condition for 3.6 Byr, as our formulation is not suitable for mod-187 elling a magma ocean stage which might have occurred early in Earth history. 
205
In Fig. 2d we show the radial average distribution of water over the course of the where basaltic material's water carrying capacity drops off significantly). We then find
219
-10-manuscript submitted to Geochemistry, Geophysics, Geosystems -11-manuscript submitted to Geochemistry, Geophysics, Geosystems that from 330 km down to the upper-lower mantle boundary at 660 km, the average man-220 tle water content increases due to the large storage capacity of ambient mantle mate-221 rial colder than 1500 K (up to 15 wt%). The sharp decrease below 660 km is due to the 222 dehydration of any material passing through into the lower mantle, where the maximum 223 water content is fixed to 0.01%.
224
We show one hemisphere from the final output of our reference case in Beyond the significantly hot and cold features at the near surface we note that the man-
232
tle water content appears fairly homogeneous, implying that the water is well mixed through- . Radially averaged water content after 3.6 Byr for the cases detailed in Table 2 (zoomed in figure of the top 100 km can be found in the supplementary material). It can be seen that the radial average across the cases broadly reflects the changes in saturation values from the tables, with distinct jumps at the base of the lithosphere, 300 km, 330 km and 660 km depth.
-14-manuscript submitted to Geochemistry, Geophysics, Geosystems effects of; removing the increase in the lithosphere viscosity, reducing the viscosity jump 243 into the lower mantle and increasing the reference viscosity η 0 by an order of magnitude.
244
We find that these three cases all have significant, but different effects on the tem-245 poral water storage profiles shown in Fig. 4a tle after 3.6 Byr.
261
The radial distribution of the water at the end of the calculations highlights how 262 the different radial viscosity profiles are altering where, and how much, water can be stored 263 (Fig. 5a ). The effect of significantly lower mantle temperatures caused by the cooled man- of rehydration (see Fig. S4 ). Meanwhile, decreasing the lower mantle viscosity does not clude that the water not being stored between 330-660 km depth is instead being held 276 in the uppermost region of the mantle (Fig. S4) . 
Lateral Variation
278
We also investigate the effect of additional lateral viscosity variations on top of our 279 radial viscosity structure through the influence of both thermal and water variations. For 280 the water dependent cases, we investigate both a high and low viscosity dependence on 
Density Variation
291
We also investigate three cases where the density field is influenced by the chem-292 istry of the particles; bulk composition only ρ(C), water only ρ(C w ) and a combination 293 of both bulk composition and water ρ(C, C w ). When the bulk composition affects den-294 sity, basaltic material is denser in the upper (by 4%) and lower mantle (3%), but is lighter 295 (-5%) between 660-740 km depth to mimic a basalt barrier (G. F. Davies, 2008 ). Wa-
296
ter meanwhile, makes material 0.25% lighter for every 1 wt% water.
297
From Fig. 4c we see that any density influence causes an increase in the total man-298 tle water storage throughout the calculation by up to ≈ 30% compared to the reference 299 case. Looking at the radial average water content (Fig. 5c ), the ρ(C) case stands out as 300 having more water between 330-660 km depth compared to the reference and other den-301 sity cases. From our saturation tables (Fig. 1) we see that this is the region where the 302 ambient mantle can store most water while basalt can hold very little. As basalt is denser For the cases where we change the mantle dynamics, it is the cases where the ra-396 dial viscosity profile is varied that produce the most significant changes in mantle wa-
397
ter content. This is because the change in viscosity fundamentally alters the heat loss 398 from the modelled mantle leading to our two extreme end members for mantle water stor-
399
age. In particular, we note that the case where η lith = 1, whose mantle held all the avail-400 able water throughout the majority of the calculation due to its significantly colder state.
401
To better understand how much water this case could hold it was re-ran with an initial for such studies to be conducted using these three-dimensional models.
525
The results of the work undertaken in this paper may be summarised as follows. ter that the mantle holds is between 1.6-1.9 OM, which falls within the range ex-529 pected from: petrological observations, some of the other simpler modelling stud-530 ies, and recent estimates from recent planetary formation study (Wu et al., 2018 and the upper mantle's most common water content.
544
As our results are noticeably different to the most comparable 2-D models, it would 545 be pertinent to continue to study the effects of the deep-water cycle in three-dimensions.
546
Future work will need to consider the impact of the initial mantle water budget on the 547 role of water dependent controls such as viscosity and density; as well as to constrain such 548 models with simple, well known observations such as one ocean mass in the surface ocean.
549
The continued constraints on lower mantle saturation values will also prove invaluable 550 in improving the predictions of such models. Furthermore, the addition of the assimi- 
